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SECTION  1 


INTRODUCTION 


This  report  summarizes  Task  3  accomplishments  on  the 
ongoing  Northrop/AFWAL  program  titled  "Bolted  Joints  in  Composite 
Structures:  Design,  Analysis  and  Verification."  This  program 
was  initiated  with  the  following  objectives:  (a)  to  develop 
analytical  methods  for  strength  and  life  prediction  of  bolted 
joints,  accounting  for  stress  concentration  interactions,  if  any; 
(b)  to  verify  the  developed  analyses  through  a  series  of 
experiments;  and  (c)  to  develop  a  comprehensive,  design-oriented 
guide  for  bolted  joints  in  composite  structures. 

To  achieve  program  objectives  four  tasks  were 
identified.  Under  Task  1,  analytical  techniques  were  developed 
for  the  prediction  of  the  strength  of  single  fastener  joints  in 
composite  structures,  accounting  for  finite  joint  geometry 
effects  and  localized  through-the-thickness  strain  variation 
(Reference  1) .  The  developed  analyses  were  complemented  and 
validated  by  testing  450  single-fastener  composite-to-metal  joint 
specimens  of  various  configurations  (Reference  2). 

Under  Task  2,  analytical  techniques  were  developed  to 
predict  the  strength  of  multiple  fastener  joints  in  composite 
structures  accounting  for  stress  concentration  interaction 
effects,  if  any  (Reference  3) .  The  developed  analyses  were 
validated  by  conducting  159  static  tests  on  multifastener 
specimens  with  different  fastener  arrangements,  and  in  selected 
cases,  with  circular  cutouts  adjacent  to  the  fasteners  (Reference 
4)  . 
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Task  3  was  defined  to  ensure  that  the  methodology 
developed  under  Tasks  1  and  2  can  be  used  to  design  and  analyze 
full-scale  bolted  structural  components.  Task  3  tests  were 
conducted  on  elements  representative  of  a  typical  bolted  vertical 
stabilizer  root  section.  The  test  element  was  analyzed  using  the 
methodology  developed  in  Task  2,  and  theoretical  predictions 
correlated  well  with  experimental  results. 


In  Task  4,  results  from  Tasks  1  to  3,  and  available 
information  from  previous  investigations,  were  compiled  to 
develop  a  guide  for  the  design  of  bolted  composite  structures 
(Reference  5) .  The  guide  includes  general  design  guidelines, 
easy-to-use  design  curves,  and  detailed  instructions,  with 
examples,  for  the  use  of  the  developed  computer  programs  in 
designing  bolted  composite  structures. 


In  the  following  sections,  the  design, 
testing  and  analysis  of  Task  3  bolted  structural 
discussed. 


fabrication, 
elements  is 
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SECTION  2 


DESIGN  AND  FABRICATION  OF  TASK  3  ELEMENTS 


2 . 1  Background 

In  Reference  6,  a  composite-to-metal  bolted  joint 
design  was  assessed  as  an  alternative  to  a  high  load  transfer 
compos ite-to-titanium,  step  lap,  adhesively  bonded  joint.  The 
existing  production  tail  structure  of  the  F/A-18A  was  used  as  the 
baseline  for  this  assessment.  In  Reference  7,  the  conceptual 
bolted  joint  selected  in  Reference  6  was  evaluated  further  and 
refined,  based  on  test  results  that  accounted  for  environmental 
effects,  production  and  service-induced  flaws,  etc.  This  effort 
included  tests  on  many  coupons  and  nineteen  larger  elements. 

The  design  of  the  elements  tested  in  Reference  7  was 
based  on  F/A-18A  design  conditions  and  their  associated  loads. 
Swept  torsion  and  swept  moment  at  the  root,  caused  by 
differential  pressure  acting  on  the  tail  surface  under  various 
design  conditions,  were  used  to  compute  chordwise  and  spanwise 
loads  (Reference  8) .  Based  on  these  results,  the  22-percent  spar 
was  reaffirmed  to  be  the  location  of  maximum  spanwise  load 
transfer.  The  spanwise  thermal  load  reactions  at  or  near  the 
root  joint  contributed  between  1  and  1.5  kip/in  of  the  total  7 
kip/in  peak  reaction.  The  critical  design  condition  induced 
shear  flows  and  chordwise  loads  that  were  much  smaller  than  the 
spanwise  loads,  except  in  one  skin  location  just  forward  of  the 
62.5-percent  spar.  There,  Nx  (spansiwe)  was  4115  lb/in,  Ny 
(chordwise)  was  628  lb/in,  and  Nxy  or  q  (shear  flow)  was 
approximately  1000  lb/in.  The  selected  element  design  was 
verified  to  be  adequate  under  this  biaxial  loading  condition,  and 
also  accounted  for  the  chordwise  load  due  to  the  thermal  mismatch 
between  the  graphite/epoxy  skin  and  the  aluminum  closeout  rib. 
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The  bolted  joint  element  tested  in  Reference  7  was  made 
up  of  a  forged  7075-T736  aluminum  root  rib  (with  a  web,  flanges 
and  tabs) ,  and  two  AS4/3501-6  graphite/epoxy  skins  (See  Figure 
1) .  The  graphite/epoxy  skins  contained  41  plies  in  a  49/39/12 
(percentages  of  0  degrees,  +  or  -  45-degrees  and  90-degree  plies, 
respectively,  with  the  zero-degree  direction  aligned  with  the 
loading  direction)  layup.  At  the  graphite/epoxy-to-root  rib 
joint,  5/16-inch-diameter  high-strength  steel  fasteners  were 
used.  An  assembled  element  is  shown  in  Figure  2. 

Static  tension  tests  on  the  element  in  Figure  2 
resulted  in  a  net  section  failure  of  the  aluminum  root  rib, 
across  the  first  row  of  bolts  (Figure  3) .  The  same  failure 
resulted  when  the  element  was  subjected  to  a  residual  static 
tension  test  after  completing  two  lifetimes  of  a  tensin-dominated 
spectrum  fatigue  loading.  Under  a  static  compression  load, 
however,  the  laterally  constrained  graphite/epoxy  skin  suffered  a 
pure  compressive  failure  on  the  blind  side,  directly  above  the 
second  row  of  bolts.  The  same  failure  resulted  when  the  element 
was  subjected  to  a  residual  static  compression  test  after 
completing  two  lifetimes  of  a  compression-dominated  spectrum 
fatigue  loading. 

An  element  with  a  thinner  tab  segment  was  also  tested 
under  static  tension,  after  it  was  subjected  to  a  tension- 
dominated  spectrum  fatigue  loading.  In  this  case,  a  net  section 
failure  occurred  in  the  tab  region  of  the  root  rib,  across  the 
upper  row  of  bolts  that  connect  it  to  the  fuselage  stub  frame 
(see  Figure  4) .  A  fractographic  analysis  of  the  tab  revealed 
fatigue-induced  cracks  around  the  two  hole  boundaries.  Also, 
multiple  fatigue  crack  initiation  sites  were  identified  in  the 
fillet  region  of  the  tab. 

In  summary,  the  element  tests  in  Reference  7  indicated 
that  the  aluminum  root  rib  and  the  support  fitting  were  more 
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Figure  2.  An  Assembled  Bolted  Element  Tested  in 
Reference  7. 
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Figure  3.  Typical  Net  Section  Failure  of  the  Aluminum  Root  Rib, 
Observed  in  Reference  7,  Under  Static  Tension  Loading. 


Figure  4.  Net  Section  Failure  in  the  Aluminum  Tab 
Region,  Observed  in  Reference  7,  During 
Residual  Tension  Strength  Testing  of  the 
Thin-Tab  Element. 
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susceptible  to  static  and  fatigue  failure  under  tension  than  the 
graphite/ epoxy  skins.  It  was,  therefore,  realized  than  an 
element  design  change  was  necessary  before  applying  the  results 
from  Reference  7  to  the  design  of  an  efficient  subcomponent. 

This  task  was  successfully  accomplished  in  this  Northrop/AFWAL 
program  and  proved  to  be  valuable  in  designing  and  fabricating 
subcomponents  in  the  Northrop/NADC  program.  The  changes 
incorporated  in  the  Northrop/ AFWAL  element  included  a  lightly 
loaded  root  rib  and  the  direct  attachment  of  extended 
graphite/ epoxy  skins  to  the  fuselage  fittings.  The  following 
sub-sections  describe  the  design  and  fabrication  details  of  the 
elements  tested  in  this  Northrop/AFWAL  program. 

2.2  Design  of  Task  3  Elements 

The  initial  design  of  the  Task  3  bolted  element  was 
based  on  the  approximate  analysis  used  in  Reference  7  and  the 
test  results  generated  in  References  6  and  7.  The  analysis 
assumed  that  the  load  transferred  by  the  two  rows  of  bolts  in  the 
graphite/ epoxy  tab  bear  a  maximum  ratio  of  1.5  to  1.  The 
adequacy  of  the  tab  layup  and  the  fasteners  to  transfer  the 
design  ultimate  load  of  70.2  kips  was  verified  using  the  analysis 
developed  in  Reference  9.  The  design  ultimate  load  was  obtained 
from  the  F/A-18A  empennage  stress  analysis  report  (Reference  8) . 

The  Task  3  element  tested  in  this  Northrop/AFWAL 
program  is  an  improvement  over  those  tested  in  Reference  7.  The 
direct  attachment  of  the  graphite/ epoxy  skins  to  the  fuselage 
frame  eliminates  the  need  for  an  attaching  root  rib,  saving 
weight  and  reducing  machining  costs.  This  also  precludes  the 
fatigue  failure  that  occurred  in  the  tab  region  of  the  aluminum 
root  rib  in  Reference  7.  However,  the  direct  attachment  of  the 
skins  to  the  stub  frame  introduces  a  higher  running  load  in  the 
graphite/epoxy  tab  region.  A  preliminary  analysis  of  this 
element  indicated  that  the  41-ply  skin  has  to  be  increased  to  a 
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60-ply  layup  in  the  tab  region.  The  graphite/ epoxy  tab  could  be 
later  machined  to  fit  the  attachment  fittings  used  in  Reference 
7.  The  analysis  also  indicates  that  3/8-inch-diameter,  high- 
strength  (125  ksi  in  shear)  steel  bolts  should  be  used  at  the 
graphite  skin-to-stub  frame  joint. 

2.3  Fabrication  of  Task  3  Elements 

Fabrication  drawings  for  the  spar,  rib  and  the 

graphite/  epoxy  skins  of  the  Task  3  element  are  presented  in 
Figures  5  to  7 ,  respectively.  Figure  8  presents  an  assembly 
drawing  for  the  bolted  element.  The  spar  was  fabricated 

using  7075-T7351  aluminum  alloy,  and  the  rib  was  fabricated 
using  7050-T73651  (or  7050-T7451)  aluminum.  Graphite/epoxy  skins 
were  fabricated  using  AS4/3501-6  prepreg  in  accordance  with 
established  process  procedures  (NAI-1460) .  Inspection  tests  on 
the  prepreg  yielded  a  resin  content  of  33.8%  by  weight,  a  fiber 
areal  weight  of  148  gm/m  ,  and  0.6  %  of  volatiles.  Process 
control  tests  on  the  fabricated  skins  yielded  a  resin  content  of 
23.9%  by  weight,  a  fiber  volume  of  69%,  a  laminate  specific 
gravity  of  1.62,  a  void  content  of  less  than  0.1%  by  volume,  and 
a  cured  ply  thickness  of  0.0049  inch. 

Two  elements  were  fabricated  and  assembled  in 
accordance  with  Figures  5  to  8.  Photomicrographs  of  cross- 
sections  of  59-ply  and  41-ply  locations  in  the  graphite/epoxy 
are  presented  in  Figure  9.  These  records  verify  the  presence  of 
the  design  layup  at  these  skin  locations.  Figure  10  presents  a 
photograph  of  an  assembled  Task  3  element. 

Figures  11  and  12  present  the  tab  thickness 
measurements  at  various  locations  in  the  two  skins  of  each 
element.  Figure  11  indicates  that  one  tab  in  element  1  was 
machined  to  be  approximately  5  plies  thinner  than  the  other  tab. 
Figure  12  indicates  that  the  two  skins  in  element  2  were 
machined  to  be  the  same  thicknesses. 
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Figure  9 


Figure  10.  Photograph  of  an  Assembled  Task  3 
Element . 
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ELEMENT  1 
TAB  1 


ELEMENT  1 
TAB  2 


Figure  11.  Tab  Thickness  Measurements  on  Element  1. 
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ELEMENT  2 
TAB  1 
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SECTION  3 


TASK  3  ELEMENT  TEST  RESULTS 


Task  3  elements  were  initially  subjected  to  two 
lifetimes  of  a  tension-dominated  spectrum  fatigue  loading,  and 
subsequently  tested  under  static  tension  to  obtain  their  residual 
tensile  strengths.  The  following  sub-sections  describe  the 
employed  test  procedure  and  test  results. 

3 . 1  Task  3  Element  Test  Procedure 

Prior  to  testing,  axial  strain  gages  were  bonded  to  the 
graphite/ epoxy  tabs  at  the  locations  shown  in  Figures  13  and  14. 
Figure  15  shows  a  close-up  of  tab  1  of  element  1,  indicating  the 
strain  gage  arrangement  on  this  surface.  A  photograph  of  an 
assembled  element  in  the  test  machine,  prior  to  load 
introduction,  is  shown  in  Figure  16. 

The  two  elements  were  initially  subjected  to  two 
lifetimes  of  a  representative  tension-dominated  F/A-18A  vertical 
tail  spectrum  loading,  under  ambient  environmental  conditions. 
Figure  17  presents  the  spectral  density  functions  associated  with 
the  imposed  loading.  The  exceedance  counts  on  the  peaks,  valleys 
and  amplitudes  in  the  spectrum  are  plotted  in  Figure  18.  The 
maximum  spectrum  load  was  the  design  limit  load  (46.8  kips)  for 
the  first  lifetime,  and  the  design  ultimate  load  (70.2  kips)  for 
the  second  lifetime.  The  imposed  spectrum  load  was  significantly 
more  severe  than  the  actual  F/A-18  vertical  tail  design  spectrum 
load.  Elements  1  and  2  survived  the  imposed  spectrum  loading 
with  no  indication  of  local  or  total  fatigue  failure. 
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Figure  13.  Strain  Gage  Locations  in  Element  1  Tabs 
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ELEMENT  2 
TAB  1 


'A'  Dimension:  5  Equal  Spaces:  .73  in  Ref 


Figure  14.  Strain  Gage  Locations  in  Element  2  Tabs. 
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Figure  15.  Close-Up  of  Tab  1  of  Element  1  Showing  the  Strain 
Gage  Arrangement. 


Figure  16.  Photograph  of  an  Assembled  Element  in 
the  Test  Machine,  Prior  to  Loading. 
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Figure  17.  Spectral  Density  Functions  Associated  with 
the  Tension-Dominated  Spectrum  Loading 
Imposed  on  Task  3  Elements. 
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Exceedance  Counts  on  Peaks,  Valleys  and 
Amplitudes  in  the  Imposed  Spectrum  Loading. 
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Subsequently,  the  elements  were  statically  tested  to 
measure  their  residual  tensile  strengths.  Strain  gage  readings 
were  recorded  during  these  tests  (see  Figures  13  and  14) . 
Failure  was  indicated  by  an  unloading  phenomenon,  accompanied  by 
audible  cracking  or  delaminating  noise.  Failed  elements  were 
photographed  and  examined  to  record  failure  modes.  The  residual 
static  tension  tests  were  also  conducted  under  room  temperature, 
dry  (ambient)  conditions. 

3.2  Task  3  Element  Test  Results 

Element  1  survived  two  lifetimes  of  the  imposed 
tension-dominated  spectrum  load  without  any  indication  of  local 
or  gross  failure.  Figure  19  presents  hysteresis  curves  obtained 
on  the  element  prior  to  load  introduction,  after  completing  the 
first  lifetime,  and  after  completing  the  second  lifetime. 
Hysteresis  curves  were  obtained  using  data  generated  by  the  clip 
gage  that  measured  the  displacement  between  the  two  rows  of 
fasteners  in  the  graphite/ epoxy  tabs  and  the  steel  attachment 
fixture  (See  Figure  15) .  Figure  19  indicates  no  change  in  the 
hysteresis  curves  after  two  lifetimes  of  spectrum  loading.  The 
imposed  spectrum  load,  therefore,  had  no  deleterious  effect  on 
the  element. 

The  element  was  subsequently  tested  to  failure  under 
static  tension.  The  element  failed  at  the  graphite/epoxy  tab 
location  in  a  combined  failure  mode.  This  included  severe 
delaminations  around  the  fastener  holes,  partial  shear-out,  and 
local  bearing.  At  89.9  kips,  a  major  drop  in  the  load  was 
recorded,  indicating  element  failure.  The  load  was  released  and 
the  failed  element  was  examined.  Considerable  tilting  and 
"digging  in"  of  the  countersunk  fasteners  were  noticed  at  every 
fastener  location,  but  delaminations  and  other  failures  were  not 
visible  (See  Figure  20) .  The  element  was  reloaded  to  record  the 
progression  of  failures.  Many  delaminations  accompanied 
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Figure  19.  Hysteresis  Curves  for  Element  1  After 
Lifetimes  of  Spectrum  Loading. 


FAILURE  AT  P  =  89.9  KIPS 


FAILURE  PROGRESSION  BELOW  89.9  KIPS  ON  RELOADING 


Figure  20.  Failed  Tab  2  in  Element  1. 
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Figure  21.  Failed  Tab  1  in  Element  1  After  Reloading. 
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considerable  digging  in  of  the  countersunk  fasteners  into  the 
graphite/ epoxy  tabs  (See  Figures  20  and  21).  This  occurred 
slightly  below  the  failure  load  value.  The  failure  load  (89.9 
kips)  for  element  1  was  28%  larger  than  the  design  ultimate  load 
(70.2  kips) . 

Strain  gage  and  clip  gage  readings  obtained  from 
element  1  during  the  residual  tension  strength  test  are  presented 
in  Figure  22.  The  tab  locations  these  readings  correspond  to  are 
presented  in  Figure  13.  Plots  of  these  readings  as  functions  of 
the  imposed  load  are  presented  in  Figure  23.  A  summary  of  the 
readings  at  failure  (89.9  kips)  is  presented  in  Figure  24. 

Element  2  also  survived  two  lifetimes  of  the  imposed 
tension-dominated  spectrum  load  without  any  indication  of 
failure.  The  hysteresis  curves  in  Figure  25  indicate  that  no 
significant  damage  was  precipitated  in  the  element  during 
fatigue . 


The  residual  static  tension  test  on  element  2  yielded  a 
failure  load  of  91.8  kips.  This  is  31%  larger  than  the  design 
ultimate  load  of  70.2  kips.  Failure  occurred  in  the 
graphite/epoxy  tab  region  of  the  element,  in  a  combined  mode. 
Photographs  of  the  failed  element  tabs  are  presented  in  Figures 
26  and  27.  The  observed  failure  modes  are  identical  to  those 
observed  in  element  1. 

Strain  gage  and  clip  gage  readings  obtained  from 
element  2  during  the  residual  tension  strength  test  are  presented 
in  Figure  28.  The  gage  locations  on  element  2  are  presented  in 
Figure  14.  Plots  of  readings  as  functions  of  the  imposed  load 
are  presented  in  Figure  29.  A  summary  of  the  readings  at  failure 
(91.8  kips)  is  presented  in  Figure  30. 
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In  summary,  both  the  elements  failed  above  the  design 
ultimate  load  (70.2  kips),  with  a  28  to  31%  margin  of  safety. 

The  analytical  procedure  used  in  the  preliminary  design  of  these 
elements  is,  therefore,  adequate  to  establish  the  applicability 
of  this  design  at  the  subcomponent  level. 
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Figure  23.  Strain  Variations  with  Imposed  Load 
for  Element  1. 
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Figure  23.  Strain  Variations  with  Imposed  Load 
for  Element  1  (Continued) . 
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Figure  23.  Strain  Variations  with  Imposed  Load 
for  Element  1  (Continued). 
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Figure  24.  Summary  of  Strains  at  Failure  for 
Element  1. 
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Figure  25.  Hysteresis  Curves  for  Element  2  After  0,  1  and 
Lifetimes  of  Spectrum  Loading. 
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Figure  26.  Failed  Element  2  Tabs. 
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Figure  27.  Progression  of  Element  2  Failure 
During  Reloading. 
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Figure  27.  Progression  of  Element  2  Failure 
During  Reloading  (Concluded) . 
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Figure  29.  Strain  Variations  with  Imposed  Load 
for  Element  2  (Continued) . 
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SECTION  4 


ANALYSIS  OF  TA&K  3  ELEMENT 


Reference  3  presents  a  description  of  the  strength 
analysis  (SAMCJ  computer  code)  developed  in  this  program  for 
multifastener  joints  in  composite  structures.  The  Task  3  test 
element  is  analyzed  below,  using  the  SAMCJ  code,  to  predict  its 
tensile  strength,  the  failure  location  and  the  failure  mode. 
Analytical  predictions  are  compared  with  the  test  results  in 
Section  3.  Though  the  analysis  was  performed  retrospectively, 
the  assumed  material  and  failure  parameters  are  identical  to 
those  used  in  Reference  4. 

Refer  to  Figures  5  to  8  for  details  of  the  test 
element.  The  element,  when  loaded  in  tension  (see  Figure  16) , 
failed  in  the  skin  tab  region  (see  Figures  26  and  27) .  Of  the 
two  test  elements,  the  skins  of  only  the  second  element  were 
machined  uniformly  to  yield  a  symmetric  loading  situation  (see 
Figures  11  and  12) .  The  critical  skin-to-fuselage  joint  in 
element  2  is,  therefore,  analyzed  using  the  SAMCJ  code. 

Figure  31  presents  the  dimensions  of  the  skin  tabs  in 
element  2  and  the  fuselage  attachment  frame.  The  skin  has 
a  [0  /+-45  /90  ]  layup  at  the  top  of  the  tab  region.  Across 
the  top  row  of  fasteners,  it  has  an  average  of  58  plies,  and 
across  the  bottom  row  of  fasteners,  it  has  an  average  of  52 
plies.  Figure  7  includes  the  stacking  sequence  for  the 
unmachined  skin  layup.  For  analytical  purposes,  the  tapered  tabs 
region  is  modeled  as  two  uniform  regions  of  different 
thicknesses.  The  top  region  is  modeled  to  contain  a  [0  /+-45 
/90  ]  layup,  and  the  bottom  region  is  assumed  to  be  a  [0  /+-45 
/90  ]  laminate.  The  average  thickness  of  a  ply  in  the  skin  was 
measured  to  be  0.0049  inch.  The  fuselage  attachment  frame  is, 
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Figure  31.  Dimensions  of  the  Critical  Skin  Tab  and  the  Fuselage 
Attachment  Frame. 
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likewise,  divided  into  a  0.41-inch-thick  region  and  a  0.46-inch- 
thick  region  (see  Figure  31) . 

The  modeled  joint  segment  is  half  of  the  symmetric  skin 
tab-to-fuselage  attachment.  The  total  joint  failure  load  is, 
therefore,  twice  the  predicted  load.  A  single  shear  load 
transfer  between  the  AS4/3501-6  graphite/ epoxy  skin  tab  and  the 
steel  attachment  frame  is  analyzed.  The  graphite/ epoxy  tab  and 
the  steel  plate  are  divided  into  four  elements  each.  The  average 
width  of  the  slightly  tapered  tab  is  used  in  the  analytical  model 
(3.57  in.).  The  fiber-directional  tensile  and  compressive 
failure  strains  for  AS4/3501-6  graphite/ epoxy  are  assumed  to  be 
0.012  and  0.0175,  respectively  (References  4,  9).  The 
characteristic  distances  for  net  section,  bearing  and  shear-out 
failure  modes  are  assumed  to  be  0.10,  0.25  and  0.25  inch, 
respectively  (Reference  4).  The  basic  AS4/3501-6  lamina 
properties  are  assumed  to  be  18.5  Msi,  1.9  Msi  and  0.85  Msi  for 
E  ,  E  and  G  ,  respectively,  and  0.3  for  the  major  Poisson 
ratio. 


The  skins  are  attached  to  the  fuselage  frame  by  3/8- 
inch-diameter ,  countersunk  fasteners  (100  degree  tension 
head) .  The  effect  of  countersunk  fasteners  is  accounted  for  by 
assuming  free  rotation  at  the  fastener  head  location,  and  by 
using  an  average  fastener  diameter  of  0.458  inch  to  account  for 
the  countersunk  depth  in  the  tabs. 

Analytically  predicted  load  distribution  among  the 
fasteners  in  each  tab  is  presented  in  Figure  32.  The  symmetry  in 
the  fastener  arrangement  results  in  low  values  for  the  transverse 
components  of  fastener  loads  (perpendicular  to  the  load 
direction) .  Also,  the  loads  in  the  top  row  of  fasteners  are 
approximately  14%  larger  than  those  in  the  botton  row  of 
fasteners.  This  leads  to  a  prediction  of  failure  initiation  from 
the  top  row  of  fasteners  (see  Figure  32) .  The  predicted  load 
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^Strain  Gage  Data 

Figure  32.  Load  Distribution  Among  Fasteners,  Failure  Location 
and  Failure  Mode  in  the  Graphite/Epoxy  Tabs. 
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distribution  between  the  top  and  second  rows  of  fasteners  (53.1% 
and  46.8%,  respectively)  was  somewhat  greater  than  the  mearured 
values  (50.7%  and  49.3%)  determined  by  the  strain  gage  data.  The 
predicted  failure  site  (critical  location)  is  in  agreement  with 
experimental  observation  (Reference  2) . 

Figure  33  presents  the  analytically  predicted  element 
load  levels  to  precipitate  net  section,  bearing  and  shear-out 
modes  of  failure  at  the  various  fastener  locations.  From  the 
test  results  in  Reference  2,  the  bearing  strength  for  the 
laminate  layup  (60/26/14  percent  of  0  /+-45  /90  plies)  at  the 
failure  site  may  be  assumed  to  be  approximately  140  ksi,  for 
protruding  head  fasteners,  under  room  temperature  dry  conditions. 
Using  this  bearing  strength  and  the  load  distribution  in  Figure 
33,  the  element  load  corresponding  to  bearing  failure  in  the  top 
row  of  fasteners  (preliminary  design  assumption)  may  be  computed 
to  be  123  kips.  This  agrees  well  with  the  predicted  value  of  127 
kips  (see  Figure  33) .  However,  this  load  level  is  higher  than 
the  element  failure  load  corresponding  to  other  failure  modes 
originating  from  the  top  row  of  fasteners  (see  Figure  33) . 

Based  on  SAMCJ  computations  (Figure  33) ,  element 
failure  is  predicted  to  occur  at  98.0  kips,  at  the  top  left 
fastener  location,  in  a  shear-out  mode.  This  corresponds  to  the 
lowest  among  the  element  load  levels  in  Figure  33,  corresponding 
to  three  assumed  failure  modes  at  every  fastener  location. 

SAMCJ  predictions  also  indicate  that  a  net  section 
failure  across  the  top  row  of  fasteners  will  occur  at  only  a 
slightly  higher  load  level.  The  observed  failure  mode,  however, 
was  severe  damage  around  the  fastener  hole,  introduced  by  the 
tilting  of  the  countersunk  fasteners  (see  Figures  26  and  27) . 

This  includes  some  amount  of  shear-out  and  local  bearing,  and 
severe  delaminations  around  the  fastener  hole  boundaries  (see 
Figures  26  and  27) .  Since  SAMCJ  cannot  account  for  the  severe 
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local  three-dimensional  stress  state  introduced  by  the 
countersunk  fastener,  the  predicted  failure  mode  (shear-out)  does 
not  correlate  well  with  the  observed  combined  failure  mode 
(partial  shear-out,  local  bearing,  and  severe  delaminations) .  An 
improvement  of  the  fastener  analysis  segment  of  the  SAMCJ  code, 
to  account  for  countersunk  fastener  geometry,  must  be 
complemented  by  the  addition  of  a  delamination  predictive 
capability,  to  accurately  predict  the  observed  (complex)  combined 
failure  mode  in  the  test  element. 

The  analytically  predicted  element  failure  load  of  98.0 
kips  is  7%  larger  than  the  measured  value  of  91.8  kips.  Two 
factors  contribute  to  this  non-conservative  prediction:  (1)  SAMCJ 
cannot  accurately  account  for  countersunk  fastener  effects;  and 
(2)  the  failure  criteria  in  SAMCJ  do  not  account  for 
delaminations  that  are  introduced  by  the  "digging  in"  of  the 
countersunk  fastener  head  (see  Figures  26  and  27).  Nevertheless, 
SAMCJ  predicts  the  element  tensile  strength  within  7%  of  the 
measured  value,  using  the  same  material  properties  and  failure 
parameters  that  were  used  in  Reference  4. 
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Figure  33-  Analytically  Predicted  Element  Load  Levels  to  Percipitate  Net 
Section,  Bearing  and  Shear-Out  Modes  of  Tab  Failure  at  Each 
Fastener  Location. 


SECTION  5 


CONCLUSIONS 


Two  elements  were  designed,  fabricated  and  tested,  to 
evaluate  a  direct  bolting  concept  as  an  alternative  to  the 
existing  F/A-18A  vertical  tail-to-fuselage  attachment  concept. 

The  design  of  the  element  was  based  on  an  approximate  analysis 
and  a  design  ultimate  load  of  70.2  kips  obtained  from  the  F/A-18A 
empennage  stress  analysis  report.  Details  of  two  elements  were 
fabricated  and  assembled  in  accordance  with  design-generated 
drawings.  The  graphite/ epoxy  skins  of  the  elements  extended  to 
the  tab  region  that  was  directly  bolted  to  the  representative 
fuselage  attachment  fixture. 

The  two  elements  were  initially  subjected  to  two 
lifetimes  of  a  representative  tension-dominated  F/A-18A  vertical 
tail  spectrum  loading.  The  maximum  spectrum  load  was  the  design 
limit  load  (46.8  kips)  for  the  first  lifetime,  and  the  design 
ultimate  load  (70.2  kips)  for  the  second  lifetime.  The  imposed 
spectrum  was  significantly  more  severe  than  the  actual  F/A-18A 
vertical  tail  design  spectrum  load.  The  elements  survived  these 
fatigue  loads  without  any  indication  of  failure.  Subsequently, 
they  were  subjected  to  static  tensile  loading  to  measure  their 
residual  strengths  (89.9  and  91.8  kips  for  the  two  elements). 

Both  the  elements  exhibited  residual  strengths  that  exceeded  the 
design  ultimate  values  by  28  to  31%. 

The  elements  were  analyzed  using  the  SAMCJ  computer 
code  developed  in  this  Northrop/ AFWAL  program.  Since  SAMCJ 
cannot  accurately  account  for  countersunk  fastener  effects,  an 
equivalent  (average  diameter)  protruding  head  fastener  was 
assumed  in  the  analysis.  SAMCJ  assumes  three  major  laminate 
level  failure  modes  at  every  fastener  location  (net  section, 
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shear-out  and  bearing) ,  and  is  incapable  of  predicting 
delaminations.  The  analytically  predicted  shear-out  mode  of 
failure  was  part  of  the  observed  combined  failure  mode  (severe 
delaminations,  local  bearing  and  partial  shear-out) .  Despite  the 
mentioned  limitations,  SAMCJ  predicted  the  element  strength 
within  7%  of  the  measured  value,  and  accurately  established  the 
margin  of  safety  in  the  preliminary  element  design. 

The  success  of  this  Northrop/AFWAL  program  task  added 
comfort  to  the  design  of  an  identical  bolted  joint  concept  at  the 
subcomponent  level  in  an  ongoing  Northrop/NADC  program  (Reference 
7) .  it  also  established  the  adequacy  of  the  SAMCJ  computer  code 
for  predicting  the  strength  of  bolted  joints  in  composite 
structures. 
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